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INTRODUCTION

Candida albicans is the most common opportunis-
tic human fungal pathogen, and has the ability to 
colonize most human tissues and organs, causing 
serious, life-threatening invasive infections in im-
munocompromised hosts (Gow et al., 2011). Despite 
their commensal colonization in humans, C. albicans 
accounts for more than 80% of total microbial infec-
tions (Atriwal et al., 2021). In particular, the severity 
of C. albicans infections is often associated with vir-
ulence factors such as morphological changes from 
yeast-to-hyphae, biofilm formation, and secretion of 
hydrolytic enzymes (Mayer et al., 2013). Molecular 
details of virulence pathways have been extensively 
elucidated in C. albicans; thus, several antifungal tar-
gets have been proposed (Staniszewska, 2020). Such 
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antifungal therapies have eventually led to the emer-
gence of drug-resistant strains and drug toxicity, in-
dicating an urgent need for novel antifungal drugs 
(Ahmad Khan et al., 2020). 
Several experimental vertebrate models have been 
used to better understand the pathogenesis of C. al-
bicans infections, including mice, rats, and rabbits 
(Segal and Frenkel, 2020). These studies have eluci-
dated valuable insights into the role of host innate 
immunity and Candida specific virulence genes (Na-
varro-García et al., 2001). However, time-consum- 
ing, physiological and anatomical complexities, high 
costs, and severe ethical constraints often limited 
the application of vertebrate models of candidiasis 
(Naglik et al., 2008). The nematode Caenorhabditis 
elegans model has been developed as a model host 
to circumvent these problems (Elkabti et al., 2018). 
C. elegans is a soil-dwelling nematode that is trans-
parent, cheap, easy to handle in the laboratory, and 
has been widely used in genetic developmental re-
search since 1974 (Brenner, 2009). Interestingly, the 
C. albicans infection model can be done by simply 
exposing C. elegans to C. albicans instead of an Esch-
erichia coli food source (Irazoqui et al., 2010). C. el-
egans does not poses an adaptive immune system. 
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SUMMARY

Candida albicans can cause infections ranging from superficial skin infections to life-threatening 
systemic infections in immunocompromised hosts. Although several C. albicans virulence factors 
are widely discussed in great detail, intrinsic host determinants that are critical for C. albicans 
pathogenesis remain less interested and poorly understood. In view of this, a model of Caenorhabditis 
elegans was used to study host longevity and immunity in response to C. albicans pathogenesis. 
The influence of C. albicans in pathological and survival aspects was evaluated using C. elegans. 
C. albicans hyphal formation in different C. elegans genetic backgrounds was evaluated. Moreover, 
several C. elegans fluorescent proteins as gene expression markers upon C. albicans infections 
were evaluated. C. albicans is pathogenic to C. elegans and reduces the lifespan of C. elegans in 
association with repression of the insulin/IGF-1-like signaling (IIS) pathway. Moreover, repression 
of DAF-16/forkhead transcription factor increases aggressiveness of C. albicans by enhancing hyphal 
formation. In addition, infection of C. albicans increases lipofuscin accumulation, promotes DAF-16 
nuclear translocation, increases superoxide dismutase (SOD-3) expression, which coordinately links 
between aging and innate immunity. Thus, we demonstrate here the strategy to utilize C. elegans as 
a model host to elucidate host genetic determinants that provide insights into the pathogenesis of 
C. albicans infections.
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However, an innate immunity in C. elegans has been 
extensively identified (Engelmann and Pujol, 2010). 
Previous studies have established C. albicans killing 
of C. elegans models to capture the role of Candida 
dimorphism, which developed a pathology similar to 
that in humans. In addition, research on C. elegans 
also helps scientists to unveil important evolutionary 
conserved mechanisms of host immunity and viru-
lence factors of pathogenic fungi such as C. albicans, 
which can reflect the different stages of mammalian 
infection (Pukkila-Worley et al., 2009; Pukkila-Wor-
ley et al., 2011; Elkabti et al., 2018; Feistel et al., 2019; 
Kim et al., 2020). Therefore, C. elegans can be used as 
a powerful in vivo model host for the study of host re-
sponses to C. albicans infections (Kurz and Ewbank, 
2003). However, molecular mechanisms underlying 
C. elegans responses to C. albicans infection remain 
largely unclear.
C. elegans has proved to be an excellent animal mod-
el for aging research because of its short and repro-
ducible lifespan (from 11.8 days to 20 days, at 20°C) 
(Gems and Riddle, 2000). The insulin/IGF-1-like sig-
naling (IIS) and a Forkhead box O (FOXO) transcrip-
tion factor DAF-16 pathway and its cofactors such 
as, c-Jun N-terminal kinase (JNK)-1, sirtuin (SIR)-
2.1, and osmotic stress resistant (OSR)-1 regulate a 
wide variety of genes involved in longevity, stress re-
sponses, and innate immunity in C. elegans (Libina et 
al., 2003; Solomon et al., 2004; Oh et al., 2005; Berdi-
chevsky et al., 2006). Moreover, other signal transduc-
tion pathways, including SEK-1 encoding p38 mito-
gen-activated protein kinase signaling pathways, reg-
ulate the innate immune responses of C. elegans to C. 
albicans infection (Pukkila-Worley et al., 2009; Puk-
kila-Worley and Mylonakis, 2010; Pukkila-Worley et 
al., 2011). Likewise, C. elegans with sek-1 mutation is 
relatively immunocompromised, with increase sus-
ceptibility to microbial infections including C. albi-
cans (Pukkila-Worley et al., 2009; Feistel et al., 2019). 
Several works in recent years have suggested that the 
worm’s insulin pathway regulates both longevity and 
pathogen resistance (Kurz and Tan, 2004). However, 
whether and how aging and immunity are linked in 
shared intrinsic host elements during an infection is 
still unclear and remains to be fully elucidated.
Much of the research on host-pathogen interactions 
often utilizes innate immune system mutants as well 
as temperature-sensitive sterile mutants to easily elu-
cidate pathogen virulence factors without progeny in-
terruption (Moy et al., 2006; Breger et al., 2007; Peleg 
et al., 2008; Pukkila-Worley et al., 2009). In contrast, 
intrinsic host determinants that promote pathogen 
susceptibility are often overlooked because those 
mutant worms do not carry a specific gene-of-inter-
est. In this work, we determined the link between 
longevity and immunity during C. albicans infec-
tions. We found that responses to C. albicans in C. 
elegans mutants of IIS pathway and its cofactors are 

markedly distinct. Many intrinsic host determinants 
regulated the lifespan during C. albicans infections 
and differently influenced C. albicans aggressiveness. 
Moreover, we demonstrated here that DAF-16 plays a 
central role in regulating both longevity and immu-
nity in response to C. albicans pathogenesis. Finally, 
we provide the strategy to utilize the C. elegans-C. al-
bicans killing assay in an attempt to delineate host 
genetic determinants that influence host responses 
to C. albicans infections.

MATERIALS AND METHODS

Strains and Media
The Candida albicans ATCC#90028 strain was ob-
tained from the American Type Culture Collection 
(ATCC). Yeast culture was maintained on Sabouraud 
dextrose agar (SDA, Oxoid, Hampshire, UK) at 37°C 
for 7 days. C. albicans 90028 was also cultured in 
CHROMagarTM (France) for species confirmation 
(Odds and Bernaerts, 1994). For C. elegans-C. albi-
cans infection, yeast cells were collected from the 
colony and washed twice with M9 buffer and ad-
justed to 5×107 cells/ml in M9 buffer. Safe handling 
of C. albicans 90028 was approved by Institutional 
Biosafety Committee, Faculty of Tropical Medicine, 
Mahidol University, Thailand, Submission No. FTM-
IBC-20-09. C. elegans strains used in this study were 
Bristol N2 (wildtype), CF1038 daf-16(mu86), TJ1052 
age-1(hx546), VC8 jnk-1(gk7), VC199 sir-2.1(ok434), 
AU1 sek-1(ag1), AM1 osr-1(rm1), TJ356 zIs356 [daf-
16p::daf-16a/b::GFP + rol-6(su1006)], CF1553 muIs84 
[(pAD76) sod-3p::GFP + rol-6(su1006)], and IG348 
fasn-1(fr8);frIs7[nlp-29p::gfp, col-12p::DsRed]. All of 
the C. elegans strains were obtained from the Caenor-
habditis Genetics Center, University of Minnesota, 
USA. All C. elegans procedures were performed us-
ing protocols approved by the Faculty of Tropical 
Medicine – Animal Care and Use Committee (FTM‐
ACUC), Mahidol University, Thailand, No. FTM024-
2020. Age‐synchronized worms were obtained by hy-
pochlorite treatment of gravid hermaphrodites (500 
μl of 1 M NaOH, 600 μl of 1 M NaClO, and 3.9 ml of 
distilled water) (Kitisin et al., 2019). The L1 larvae 
were transferred into fresh nematode growth medi-
um (NGM) plates and propagated on live‐Escherich-
ia coli strain OP50 at 20°C. Bacteria were grown in 
Luria Broth (LB, BD).

Infection of C. albicans and Lifespan Assays
A fresh lawn of C. albicans 90028 was prepared by 
spreading 100 µl of the yeast cells (5×107 cells/ml) 
on the NGM plate and incubating overnight at 25°C. 
To perform an infection, C. elegans were fed with E. 
coli OP50 or C. albicans 90028 at 25°C as described 
above, with some modifications (Pukkila-Worley 
et al., 2011). Briefly, 50 wildtype N2 and transgenic 
nematodes including CF1038 daf-16(mu86), TJ1052 
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age-1(hx546), VC8 jnk-1(gk7), VC199 sir-2.1(ok434), 
AU1 sek-1(ag1), and AM1 osr-1(rm1) on the first day 
of adulthood (D1) were transferred from a lawn of 
E. coli OP50 on NGM to a prepared lawn of yeast on 
NGM and incubated at 25°C for 24 h. Nematode sur-
vival was examined under a stereomicroscope and 
counted every day until all the worms died. Worms 
were considered dead when they did not respond 
to touch with a platinum wire pick or did not show 
pharyngeal pumping movement. Alternatively, nem-
atodes were transferred to brain heart infusion agar 
(BHI, Difco) after 24 h of yeast infection and surviv-
ing worms were determined. Worms that crawled 
off the plate or suffered from developmental defects 
were eliminated from the analysis. Worms that fed 
with E. coli OP50 were used as mock-infected con-
trols. All experimental worms were transferred to 
new plates every 24-48 h to prevent the presence of 
progeny. Total worms were a summation of worms in 
triplicates without censored worms. The number of 
surviving and dead worms was statistically analyzed. 
The experiments were performed in triplicate.

Microscopic Studies
C. albicans 90028 infected worms raised on BHI agar 
plates for 48h were placed on 2% agarose pad and 
anesthetized with 5 μl of 30 mM NaN3 in M9 buffer. 
The worms were photographed using a Zeiss Axio 
Imager fluorescence microscope (ZEISS, Germany). 
For experiments involving C. elegans strains express-
ing the fluorescent proteins, the same methodology 
was applied and viewed via a DAPI filterset or GFP 
filterset for blue and green, respectively. For Calco-
fluor White staining, both yeast cells and infected 
wildtype nematodes were resuspended in Calcofluor 
solution (Sigma) for 5 min at room temperature pri-
or to analysis.

Intracellular Lipofuscin Accumulation,  
DAF-16 Nuclear Translocation, and SOD-3  
and NLP-29 Expressions in C. elegans
C. albicans 90028 infected wildtype N2 worms were 
used to determine the level of intracellular lipofus-
cin as previously described, with some modifications 
(Komura et al., 2021). In brief, thirty synchronized 
D1 worms were collected after infection with C. albi-
cans 90028 for 24 h on NGM plates and transferred 
to BHI agar plates for 48 h. Lipofuscin intestinal 
autofluorescence was analyzed through a DAPI filt-
erset. The level of intestinal lipofuscin was quantified 
by determining the average pixel intensity in each 
worm’s intestine excluding head and tail regions. 
C. elegans strain TJ356 zIs356 [daf-16p::daf-16a/
b::GFP + rol-6(su1006)], CF1553 muIs84 [(pAD76) 
sod-3p::GFP + rol-6(su1006)], and IG348 fasn-1(fr8); 
frIs7[nlp-29p::gfp, col-12p::DsRed] were used to de-
termine the nuclear translocation of DAF-16, the ex-
pression of SOD-3 and NLP-29, respectively. Thirty 

synchronized D1 transgenic worms were collected 
after C. albicans 90028 infections as described, simi-
lar to yeast infection in wildtype worms. GFP intensi-
ty of DAF-16 nuclear translocation as well as SOD-3 
and NLP-29 expressions in the infected and control 
worms were photographed. Number of DAF-16::G-
FP positive nuclei and GFP intensities of SOD-3 and 
NLP-29 in each worm were quantified by ImageJ 
(National Institutes of Health, Bethesda, MD, USA). 
All experiments were performed in triplicate.

Data Analysis
Statistical analyses were performed using Graph-
Pad Prism software (GraphPad Software, Inc., San 
Diego, California, USA). All results were presented 
as mean ± standard deviation (SD). All experiments 
were performed in triplicate. For the lifespan assay, 
Kaplan-Meier lifespan analysis was performed, and 
P-values were calculated using the log-rank test. For 
data with normal distribution under the Kolmogor-
ov-Smirnov test, groups were compared using the 
two-tailed Student’s t-test. Non-normally distribut-
ed data were compared using the Mann-Whitney 
test. Levels of significance are indicated as *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001; NS, not signif-
icant (P>0.05).

RESULTS

Morphology and Pathology of C. albicans  
90028 to C. elegans
After 7 days of incubation at 37°C, C. albicans 90028 
appeared as smooth-edged, creamy white, shiny, 
domed colonies of 3 to 5 mm diameters on the sur-
face of SDA agar plates (Figure 1A). Moreover, there 
was no chlamydoconidia or pseudomycelium on the 
cultured plates as observed up to 10 days. The yeast 
strain tested also grew on CHROMagarTM plates and 
had grown well with greenish colonies of 1 to 3 mm 
diameters (Figure 1B). Color reading was made after 
48 h of incubation at 37°C and as specified in the 
manufacturer’s instructions (Odds and Bernaerts, 
1994). However, colors generally deepened slightly 
after 72 h of incubation. 
C. albicans ATCC#90028 is a wildtype strain isolat-
ed from human blood and widely used for antifun-
gal susceptibility testing (CLSI, 2009). To determine 
whether C. albicans 90028 can kill C. elegans, we fed 
C. albicans 90028 as the sole food source for wild-
type C. elegans. We began our study by transferring 
the wildtype worms at the age of fourth larval stage 
(L4) from lawns of E. coli OP50 to lawns of C. albi-
cans 90028 on NGM plates for 24 h and then placed 
the worms on solid BHI media. We found that the 
yeast cells caused pathogenic intestinal distention in 
the worms and premature death of the worms due to 
matricidal hatching (data not shown). Similar results 
of premature death have been observed in C. albicans 
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90028 infected-worms from NGM plates containing 
5-fluoro-2’- deoxyuridine (FUdR, Sigma), a standard 
compound used to prevent the production of proge-
ny (data not shown) (Kitisin et al., 2019). However, 
we were interested in this phenomenon and sought 
to strategically develop further a C. elegans infec-
tion assay. In the absence of FUdR, we found that 
shifting the age of the worms can reduce premature 
death caused by matricidal hatching. Specifically, we 
exposed worms on the first day of their adulthood 
(D1), rather than at the L4 stage, to C. albicans 90028 
for 24 h on NGM plates and then placed the worms 
on BHI plates. We noted that most of the C. albicans 
90028 infected worms were covered with filaments 
after incubation for 48 h at 25°C (Figure 1D). We fur-
ther stained infected worms and C. albicans 90028 
cells with Calcofluor White. We confirmed that the 
observed filaments piercing through the worm cuti-
cles were C. albicans 90028 hyphae alongside their 
yeast form (Figure 1C, D). By using this killing-strate-
gy, it was possible to perform statistical comparisons 
among transgenic C. elegans strains.

Role of insulin/IGF-1 signaling (IIS) pathway  
in C. elegans survival during C. albicans  
90028 infections
To determine the impact of C. albicans 90028 infec-
tions on aging, we performed solid killing assays by 

exposed D1 worms to C. albicans 90028 as model il-
lustrated in Figure 2A. The lifespan was defined as 
days the worms survived. We started by examining 
the lifespan of C. albicans 90028 infected wildtype 
worms and found a statistically significant decrease 
in mean lifespan from 10.99±1.58 days to 6.35±1.27 
days (-42.22%, P<0.0001) (Figure 2B, Table 1). These 
data indicate that C. albicans reduces host longevity 
upon infection.
To determine the functional connection between 
longevity and innate immunity, we measured the 
survival rate of loss-of-function mutants in IIS path-
ways, daf-16(mu86), age-1(hx546), jnk-1(gk7), sir-
2.1(ok434), sek-1(ag1), and osr-1(rm1) strains after 
pathogenic exposure to C. albicans 90028 (Kurz and 
Tan, 2004; Pukkila-Worley et al., 2009; Pukkila-Wor-
ley et al., 2011; Marudhupandiyan and Balamurugan, 
2017; Kim et al., 2020). In C. elegans, DAF-16 plays 
a central role in IIS to promote longevity, as such a 
mutation in daf-16 abolished the lifespan extension 
of a long-lived age-1 mutant (Kenyon, 2001). In this 
study, C. albicans 90028 infected worms with muta-
tions in daf-16(mu86) and age-1(hx546) decreased 
mean survival compared with the mock-infected 
control worms from 7.63±1.69 days to 5.46±1.08 
days (-28.44%, P<0.0001) and 19.55±6.43 days to 
11.36±2.02 days (-41.89%, P<0.0001), respectively 
(Figure 2C, D, Table 1). Modulation of DAF-16 in-

Figure 1 - Pathology of C. albicans infected C. elegans. C. albicans 90028 produced (A) creamy white colonies 
on SDA and (B) greenish colonies on CHROMagarTM, incubated at 37°C (small box indicated X5 magnification). 
Upon C. elegans-C. albicans infection, wildtype C. elegans from D1 adult were transferred from E. coli OP50 to C. 
albicans 90028 for 24 h on NGM and then moved to BHI for 48 h at 25°C when the worms were photographed. 
Both (C) C. albicans 90028 cells and (D) Candida filaments mediated C. elegans killing were presented with the 
bright-field images and fluorescent images of Calcofluor White staining, which bound to the cellulose and chitin 
contained in the fungal cell walls. Scale bars = 100, 50, and 20 µm.



Regulation of DAF-16-mediated longevity and immune response to Candida albicans infection in Caenorhabditis elegans 55

Figure 2 - Effects of C. albicans infections on C. elegans lifespan. (A) C. elegans-C. albicans infection model. 
Wildtype and mutant C. elegans from D1 adult were infected with C. albicans 90028 for 24h on NGM and then 
moved to BHI at 25°C. Data represented percentages of survival of C. albicans 90028 infected- (B) wildtype, 
(C) daf-16(mu86), (D) age-1(hx546), (E) jnk-1(gk7), (F) sir-2.1(ok434), (G) sek-1(ag1), and (H) osr-1(rm1) 
strains (n=50). Worms fed with E. coli OP50 were used as mock-infected controls. Lifespan was analyzed using 
Kaplan-Meier analysis and P-values were calculated using log-rank test. Statistical details of lifespan are sum-
marized in Table 1. 

Table 1 - Lifespan of C. albicans 90028-infected C. elegans.

Strain Pathogen Mean SD SE Median Max No. Log-rank test
(P-value)

% 
lifespan 

Wildtype
E. coli OP50 10.99 1.58 0.13 11.00 13.00 137

C. albicans 90028 6.35 1.27 0.11 6.00 10.00 135 <0.0001 **** -42.22

daf-16
E. coli OP50 7.63 1.69 0.14 8.00 11.00 137

C. albicans 90028 5.46 1.08 0.09 6.00 7.00 134 <0.0001 **** -28.44

age-1
E. coli OP50 19.55 6.43 0.54 21.00 29.00 144

C. albicans 90028 11.36 2.02 0.17 12.00 15.00 136 <0.0001 **** -41.89

jnk-1
E. coli OP50 11.64 1.71 0.14 12.00 14.00 136

C. albicans 90028 10.31 1.62 0.14 10.00 14.00 137 <0.0001 **** -11.43

sir-2.1
E. coli OP50 10.27 1.89 0.16 10.00 14.00 139

C. albicans 90028 8.68 1.05 0.09 9.00 10.00 134 <0.0001 **** -15.48

sek-1
E. coli OP50 8.34 1.13 0.09 8.00 10.00 139

C. albicans 90028 7.79 0.97 0.08 8.00 10.00 140 <0.0001 **** -6.59

osr-1
E. coli OP50 9.15 1.28 0.11 9.00 12.00 137

C. albicans 90028 8.74 1.23 0.11 9.00 11.00 135 <0.05 * -4.48

Note: Means, standard deviation (SD), standard error (SE), median, and maximum of lifespan were shown in days. Total worms (No.) were 
represented as summation of worms in triplicates (with censored worms excluded). The lifespan data were analyzed using the log‐rank 
test and P‐values for each individual experiment were shown when compared to corresponding control as *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001; NS, not significant (P>0.05). Results presented in Figure 2B-H.
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volved in C. elegans longevity is also regulated by 
JNK-1 (Oh et al., 2005), SIR-2.1 (Berdichevsky et 
al., 2006), SEK-1 (Kondo et al., 2005), and OSR-1 
(Wheeler and Thomas, 2006) during stress respons-
es and microbial infections. Similarity, C. albicans 
90028 infected worms with mutations in jnk-1(gk7), 
sir-2.1(ok434), sek-1(ag1), and osr-1(rm1) also re-
duced mean lifespan compared with the mock-infect-
ed controls from 11.64±1.71 days to 10.31±1.62 days 
(-11.43%, P<0.0001), 10.27±1.89 days to 8.68±1.05 
days (-15.48%, P<0.0001), 8.34±1.13 days to 7.79 ± 
0.97 days (-6.59%, P<0.0001), and 9.15±1.28 days to 
8.74±1.23 days (-4.48%, P<0.0001), respectively (Fig-
ure 2E-H, Table 1). Our preliminary study suggested 
that aging and innate immunity may be linked at the 
molecular level to respond to C. albicans infection.

Impact of intrinsic C. elegans signals upon  
C. albicans 90028 filamentation
C. albicans cells are widely described into 4 distinc-
tive cellular morphologies: yeasts, hyphae, pseudo-
hyphae, and chlamydospores. Each morphological 
cell type confers differently in mode of division as 
well as in virulence potential (Noble et al., 2017). Cell 
type switching from yeast to hyphae is an important 
virulence factor of C. albicans and has provided an 
essential key to develop novel therapeutic approach-
es (Kornitzer, 2019). Interestingly, alterations in the 

host microenvironment can facilitate the virulence 
state and favor the pathogenic dimorphism of C. al-
bicans (Dühring et al., 2015). Previous studies have 
demonstrated and identified Candida albicans-spe-
cific genes regulating Candida dimorphism in C. ele-
gans (Pukkila-Worley et al., 2009; Breger et al., 2017). 
However, little is known about intrinsic host factors 
that promote Candida filamentation. We therefore 
exposed D1 worms to C. albicans 90028 for 24 h 
on NGM plates and then placed the worms on BHI 
plates for hyphal formations. During these experi-
ments, we noted that no filamentation was formed 
when incubating C. albicans 90028 yeast cells on 
BHI plates without C. elegans (data not shown). After 
48 h on BHI plates, we found that C. albicans 90028 
infected wildtype worms were covered with visible 
hyphae compared to mock-infected controls (Figure 
3A, B). We further observed that different mutant 
strains in IIS pathways, daf-16(mu86), age-1(hx546), 
jnk-1(gk7), sir-2.1(ok434), sek-1(ag1), and osr-1(rm1) 
exhibited different levels of filament elongation. In 
particular, aggressive infection with the densest fil-
amentation of C. albicans 90028 was observed in 
worms with disruption in IIS pathway, which main-
ly reduced lifespan and stress resistance, including 
daf-16(mu86), sek-1(ag1), and jnk-1(gk7) mutants 
(Figure 3C, E, G). Infected worms carrying sir-2.1 or 
osr-1, which disrupted their caloric restriction and 

Figure 3 - Formation of C. albicans hyphae in C. elegans. Microscopic images of (A) mock-infected control 
wildtype and C. albicans infected- (B) wildtype, (C) daf-16(mu86), (D) age-1(hx546), (E) jnk-1(gk7), (F) sir-
2.1(ok434), (G) sek-1(ag1), and (H) osr-1(rm1) strains were photographed after infecting with C. albicans 90028 
on NGM plates for 24 h and placed on BHI plates for 48 h at 25°C, then imaged. Worms fed with E. coli OP50 
were used as mock-infected controls. All animals were photographed alive (n=30). Scale bar=100 µm.
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osmotic stress response, showed low-to-moderate 
Candida filaments (Figure 3F, H). Moreover, little-to-
no Candida filamentation was found in C. albicans 
90028-infected long-lived age-1(hx546) mutants (Fig-
ure 3D). Thus, our results suggest that deteriorating 
in host innate immune responses and aging defense 
mechanisms act in concert to facilitate Candida di-
morphism in C. elegans. Further studies are required 
to delineate intrinsic targets of C. elegans that affect 
hyphal growth of C. albicans.

Expressions of lipofuscin, DAF-16  
nuclear localization, SOD-3, and NLP-29  
during C. albicans infection
Pathogens not only affect immunity or longevity but 
also affect cellular fitness of the host (Xia et al., 2019). 
To determine whether C. albicans 90028 affects the 
health-span of C. elegans, we analyzed the nematode 
aging pigment after C. albicans 90028 infections. 

Lipofuscin or age pigment has been considered a 
hallmark of aging (Qi et al., 2021). The autofluores-
cence of intestinal lipofuscin in C. albicans 90028-in-
fected wildtype worms was determined after 48 h 
on BHI plates. Compared to the autofluorescence 
of mock-infected controls (as 1-fold), infection of C. 
albicans 90028 significantly increased autofluores-
cence to 3.32±0.09 folds (P<0.0001) (Figure 4A, B, I). 
In the present study, daf-16(mu86) worms that show 
loss-of-function of DAF-16 experienced an aggressive 
infection with the most densely packed C. albicans 
90028 filaments (Figure 3C). Together with reduction 
effect on lifespan (Figure 2C), we hypothesized that 
DAF-16 may play an important role in regulating lon-
gevity and immune response during C. elegans-C. al-
bicans 90028 interactions. To test this hypothesis, we 
monitored the nuclear translocation of DAF-16 using 
transgenic worms zIs356 (daf-16::gfp) that express a 
functional DAF- 16::GFP fusion protein (Henderson 

Figure 4 - Effects of C. albicans infections on C. elegans fitness, stress response, and immune effectors. Micro-
scopic images of blue autofluorescence (representing lipofuscin accumulation) from (A) mock-infected control 
wildtype and (B) C. albicans 90028-infected wildtype worms were photographed. Microscopic images of DAF-16 
nuclear translocation from (C) mock-infected control and (D) C. albicans 90028 infected transgenic worms ex-
pressing DAF-16::GFP were photographed. Arrow indicates DAF-16 nuclear translocation. Microscopic images of 
SOD-3 expression from (E) mock-infected control and (F) C. albicans 90028 infected transgenic worms express-
ing SOD-3::GFP were photographed. Microscopic images of NLP-29 expression from (G) mock-infected control 
and (H) C. albicans 90028 infected transgenic worms expressing NLP-29::GFP were photographed. All worms 
were exposed to C. albicans 90028 on NGM plates for 24 h and placed on BHI plates for 48 h at 25°C, then im-
aged. Worms fed with E. coli OP50 were used as mock-infected controls. (I-L) The relative fluorescence intensity 
or relative nuclear translocation was evaluated by using ImageJ software, and the fluorescence of the uninfected 
nematodes was set as 1. Data were represented in mean ±SD (n=30). The corresponding P-values were presented 
as *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; not significant (P>0.05). Scale bar =100 and 20 µm.
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and Johnson, 2001). We found that DAF-16 is mainly 
located in cytosol under well-fed conditions, which 
served as mock-infected controls (Figure 4C). Interest-
ingly, exposure to C. albicans 90028 induced DAF-16 
nuclear translocation by 7.60±0.36 folds (P<0.0001) 
(Figure 4D, J). In C. elegans, exposure to pathogen-
ic bacteria such as Enterococcus faecalis induces an 
expression of SOD-3 (a DAF-16-dependent-superox-
ide dismutase), which overproduces to regulate oxi-
dative stress caused by E. faecalis infection (Chávez 
et al., 2007). To observe if SOD-3 is expressed in 
the intestinal cells in response to C. albicans 90028 
infection, we obtained transgenic worms muIs84 
(sod-3::gfp) that express a functional SOD-3::GFP fu-
sion protein primarily in the head-, tail-neurons, and 
around vulva when fed with nonpathogens such as 
E. coli OP50 (Figure 4E) (Libina et al., 2003). How-
ever, expression of SOD-3::GFP in worms exposed 
to C. albicans 90028 was significantly higher than in 
controls to 3.05±0.27 folds (P<0.001), which was also 
observed in the site of infection and in the intestine 
(Figure 4F, K). Previous studies have shown that C. 
elegans can produce antimicrobial peptides (AMPs) 
as an innate defense mechanism against nemato-
phagous fungi, Drechmeria coniospora. These AMPs 
are found to be highly regulated by the nlp-29 gene 
(Pujol et al., 2008). To observe the biological func-
tion of AMPs in response to C. albicans 90028 infec-
tions, we obtained transgenic worms fasn-1(fr8);frIs7 
(nlp-29::gfp) that constitutively express AMPs (Ward 
et al., 2014). Accordingly, we observed no significant 
difference in NLP-29::GFP expression (P>0.05) when 
the worms were exposed to C. albicans 90028 or in 
normal culture conditions (Figure 4L). Specifically, 
no C. albicans 90028 hyphae formation was observed 
in infected worms despite the indifferent morpholo-
gy between infection and control groups (Figure 4G, 
H). Taken together, these data suggest that C. albi-
cans 90028 disrupts host fitness by inducing aging 
pigment, which activates immunological and stress 
responses following C. albicans infection.

DISCUSSION

In this study, we utilized a C. elegans experimental 
host-pathogen system to determine pathological and 
physiological responses against C. albicans infec-
tions. We found that C. albicans hyphal formation, 
a mammalian yeast virulence factor (Pukkila-Worley 
et al., 2009), also plays an essential role in killing C. 
elegans. Moreover, we found that C. albicans 90028 
infection affects host fitness and activates host im-
mune and stress responses against infections. We 
also demonstrated the utility of our C. elegans-C. 
albicans killing strategy to study transgenic C. ele-
gans mutants, which identified host aging, stress re-
sponse, and innate immunity determinants related 
to fungal infections. Therefore, our findings validate 

the use of C. elegans as an in vivo model host to study 
fungal pathogenesis as well as to better understand 
the molecular mechanisms of host responses against 
fungal infections.
Several established C. elegans host models for mi-
crobial infections, as well as our early experiments, 
faced a premature death event in C. elegans: so-called 
matricidal hatching, a non-specific consequence of 
pathogen stress (Troemel et al., 2008; Powell et al., 
2009; Troemel et al., 2006; Kim et al., 2018). Although 
intra-uterine egg hatching or matricidal hatching is 
a natural mechanism of progeny survival occurring 
when the parent encounters stressful conditions such 
as pathogen infection or starvation (Chen and Cas-
well-Chen, 2003), this phenomenon makes research 
in C. elegans-pathogen interactions even more chal-
lenging. To circumvent this problem, many studies 
have utilized a temperature induced sterile C. elegans 
fer-15(b26);fem-1(hc17) or have added 5-fluoro-2’- 
deoxyuridine (FUdR) to prevent the progeny from 
hatching in wildtype nematodes (Pukkila-Worley et 
al., 2009; Pukkila-Worley et al., 2011; Oh et al., 2012). 
In our assay, we found that by strategically exposed 
C. elegans at day 1 of adulthood (D1) rather than the 
fourth larval stage (L4), a common age used in the 
pathogen killing assay (Feistel et al., 2019; Pukki-
la-Worley et al., 2011), provided sufficient time for 
eggs to be expelled prior to infection. Thus, we suc-
ceeded in performing the C. elegans-C. albicans kill-
ing assay without matricidal hatching in NGM plate 
without the addition of FUdR. This model strategy 
can be applied to further study C. albicans infections 
in C. elegans transgenic mutants rather than in sterile 
nematodes (fer-15(b26);fem-1(hc17)), which allows 
us to determine host intrinsic determinants against 
fungal infections.
Because C. elegans has been used extensively for ex-
ploring the mechanisms of longevity and stress re-
sponse, many intrinsic determinants involving in in-
sulin/IGF-1-like signaling (IIS) and a Forkhead box 
O (FOXO) transcription factor DAF-16 pathway have 
been shown to play a very large role in determin-
ing C. elegans aging (for review, see Kenyon, 2011; 
Murphy and Hu, 2013; Sun et al., 2017; Zhang et al., 
2020). AGE-1 is homologous to mammalian phos-
phatidylinositol-3-OH kinase (PI(3)K) catalytic sub-
units and is one of the most upstream elements of IIS 
pathway. Thus, the lack of the gene age-1 extends the 
C. elegans lifespan more than twice as long as nor-
mal (Morris et al., 1996). Moreover, DAF-16, a homo-
log of human forkhead box O (FOXO) transcription 
factor, is widely expressed in C. elegans. In fact, all 
phenotypes in daf-16 loss-of-function mutants are 
completely surpassed by age-1 loss-of-function mu-
tants, suggesting that DAF-16 is the major element in 
the IIS pathway (Zhang et al., 2020). Interestingly, it 
has also been shown that the IIS pathway regulates 
the C. elegans innate immune response (Zou et al., 
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2013; McHugh et al., 2020). In the present study, we 
found that host longevity was reduced upon C. albi-
cans infections. Moreover, C. albicans also reduced 
the longevity of age-1 and daf-16 mutants (IIS deter-
minants experimented in our study). In the present 
study of C. albicans infectious conditions, increased 
pathogen resistance is conferred by age-1 mutants as 
fewer C. albicans hyphae formed in infected nema-
todes, which is completely abolished in daf-16 mu-
tants. We have extended our interests to determine 
the regulation of the IIS/DAF-16 pathway during an 
infection to other direct and indirect transcriptional 
targets of DAF-16. In general, the C. elegans lifespan 
also regulates by calorie restriction through protein 
deacetylase (SIR) (Tissenbaum and Guarente, 2001), 
stress resistance through c-Jun N-terminal kinase 
(JNK) (Solomon et al., 2004). superoxide dismutase 
(SOD) (Chávez et al., 2007), and osmotic stress re-
sistant (OSR) (Solomon et al., 2004). Nevertheless, 
the longevity effects of these stress resistance and 
calorie restriction pathways are governed solely by 
DAF-16 (Kurz and Tan, 2004). Previous study has de-
termined that C. elegans exhibits sek-1, an important 
mitogen-activated protein kinase (MAPKK) in the 
p38 MAPK pathway that regulates innate immunity. 
C. elegens with deficiency in sek-1 is highly suscepti-
ble to Pseudomonas aeruginosa infections and served 
as an immunocompromised host to study pathogen 
infections (Kim et al., 2002). Recent study has also 
shown that the sek-1 mutant is highly susceptible to 
C. albicans (Feistel et al., 2019). In the present study, 
we found that loss-of-function in jnk-1, sir-2.1, sek-
1, and osr-1 mutants shortened the lifespan after C. 
albicans infections. However, we found that not only 
sek-1 but also jnk-1 and osr-1 mutants exhibited C. 
albicans hyphal formation. Taken together, our study 
suggests that several intrinsic determinants in the 
IIS pathway are also implicated in the aggressiveness 
of C. albicans infections. Thus, C. albicans infection 
seems to cause disruption in innate immunity as well 
as accelerated aging in C. elegans.
In our recent study, we found that lipofuscin, an aging 
pigment that can accumulate from elevated intracellu-
lar oxidative stress, accelerates the aging process (Ki-
tisin et al., 2019). Additionally, DAF-16 nuclear trans-
lation and SOD-3 expression control resistance to oxi-
dative stress and physical injury in C. elegans (Chávez 
et al., 2007; Zou et al., 2013). In the present study, we 
found that o C. albicans infection induces lipofuscin 
accumulation, DAF-16 nuclear translation, and SOD-
3 expression in C. elegans. Our study suggests that 
C. albicans infection may cause oxidative stress and 
physical injury in C. elegans, which supports the idea 
that pathogen-induced reactive oxygen species (ROS) 
production is controlled by the mechanism under-
lying DAF-16 activation (Zou et al., 2013). Previous 
study has identified immune effector nlp-29 encoding 
for C. elegans antimicrobial peptides (AMPs), which 

activates during D. coniospora infections (Pujol et al., 
2008). NLP-29 is also regulated by the p38 MAPK in-
nate immunity pathway, which is mainly expressed 
in the C. elegans epidermis (Couillault et al., 2004). In 
the present study, we found that mutant worms with 
constitutively active NLP-29::GFP exhibit an insignifi-
cant increase in GFP expression in C. albicans-infect-
ed and mock-infected groups. Our study suggests that 
host-epidermal response to damage and anti-aging via 
DAF-16 are keys to enhance innate immunity during 
C. albicans infection in C. elegans. Thus, identifying 
functional details of these conserved pathways in C. 
elegans that can improve innate immune response 
may yield novel therapies that can be applied in high-
er-order hosts such as humans.
To sum up: we described and validated the utiliza-
tion of C. elegans as a model host to study host de-
terminants for C. albicans virulence. We found that 
intrinsic host determinants involving the IIS path-
way and, especially, DAF-16 play an important role 
in regulating longevity and immune response during 
C. albicans infection. We demonstrated that the C. 
elegans system can be used to study the pathogenesis 
of important human pathogenic fungi, which may 
provide critical insights into the screening of novel 
therapeutic targets.
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